Amorphous silicon quantum dots ͑a-Si QDs͒, which show a quantum confinement effect were grown in a silicon nitride film by plasma-enhanced chemical vapor deposition. Red, green, blue, and white photoluminescence were observed from the a-Si QD structures by controlling the dot size. An orange light-emitting diode ͑LED͒ was fabricated using a-Si QDs with a mean size of 2.0 nm. The turn-on voltage was less than 5 V. An external quantum efficiency of 2ϫ10 Ϫ3 % was also demonstrated. These results show that a LED using a-Si QDs embedded in the silicon nitride film is superior in terms of electrical and optical properties to other Si-based LEDs. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1367277͔
none are able to control the emission wavelength from red to blue, because the origin of the blue emission is defects or chemical species. 8 Quantum confinement effects ͑QCE͒ make silicon a likely candidate for full-color displays because the tuning of emission color and efficient emission can be achieved by QCE. Another important issue in realizing silicon-based LEDs is the operation voltage. Silicon oxide is typically used as a material for enclosing nano-sized silicon. However, silicon oxide is a very large wide band gap insulator and, thus, results in a high operation voltage. Silicon nitride is a promising alternative material because it has lower barriers for electrons and holes than silicon oxide. Furthermore, amorphous silicon (a-Si) has two important advantages compared with bulk crystalline silicon: the luminescence efficiency in bulk a-Si is higher than that in crystalline silicon due to its structural disorder; 9 and the band gap energy of bulk a-Si ͑1.6 eV͒ is larger than that of bulk crystalline silicon ͑1.1 eV͒. As a result, a-Si represents a good candidate for short-wavelength luminescence. It would, therefore, be expected that these intrinsic advantages of a-Si and the QCE of a-Si quantum dot (a-SiQD) could be used in silicon-based optoelectronic devices. In this letter, the tuning of emission wavelength from a-Si QDs and the fabrication of LED using them is demonstrated.
The a-Si QDs were prepared by plasma-enhanced chemical vapor deposition, where nitrogen-diluted 5% silane and additional nitrogen gas at a purity in excess of 99.9999% were used as the reactant gas sources. Low doped p-Si wafers ͑about 10 14 -10 15 cm
Ϫ3
͒ were employed as sample substrates. The flow rate of silane was maintained at a constant level of 10 sccm. The total pressure and the plasma power were fixed at 0.5 Torr and 6 W, respectively. The growth temperature was maintained at 300°C and the additional flow rate of nitrogen gas ranged from 100 to 800 sccm. Additional nitrogen gas was used to modulate the growth rate of the film, and eventually to control the a-Si QD size. The physical structure, dimensionality, and size of the a-Si QDs were confirmed by high-resolution transmission electron microscopy ͑HRTEM͒ using a JEOL Electron Microscopy 2010 instrument operated at 200 kV. A photon-counting technique with a photomultiplier tube and a 1 m double monochromator were used for the photoluminescence ͑PL͒ measurements at room temperature and a He-Cd 325 nm laser was used as the excitation source. To demonstrate LED, 20/40 nm Ni/Au was deposited on both the top of the film and the backside of the substrate by means of an e-beam evaporator. The thickness of silicon nitride film containing a-Si QDs was approximately 50 nm. The top metal contact size was 3ϫ3 mm 2 and a rapid thermal annealing process at 400°C for 80 s was used to form a NiO transparent electrode. The current-voltage (I -V) characteristics of the LED were measured by HP 4155A, a semiconductor parameter analyzer.
The change in PL peak energies with the QD sizes is shown in Fig. 1 . This figure clearly shows the blueshift of PL peak with decreasing the dot size. The inset shows a cross sectional HRTEM micrograph of a-Si QDs with an average size dϭ1.9 nm. The well-organized a-Si QDs appear as dark spots in the HRTEM image because the a-Si QD has a higher atomic density than the silicon nitride matrix material. Assuming an infinite potential barrier, the energy gap E for three-dimensionally confined a-Si QD can be expressed as E(eV)ϭE bulk ϩC/d 2 based on an effective mass theory, where E bulk represents the bulk a-Si band gap, d the dot size, and C the confinement parameter. The data in Fig. 1 10,11 Figure 2 shows the red, green, blue PL spectra and a white PL spectrum. Photographs of a-Si QD samples corresponding to each PL spectrum are also shown. As shown in Fig. 1 , the emission color could be changed by controlling the dot size. For example, the dot sizes corresponding to red, green, and blue emission color were 2.9, 1.9, and 1.3 nm, respectively. The dot size could be controlled by appropriate control of the additional flow rate of nitrogen gas. The increase in nitrogen gas flow rate is thought to enhance the formation of small a-Si clusters because the increase in nitrogen gas flow rate facilitates the creation of nucleation sites and the formation of small a-Si clusters when the flow rate of silane gas is maintained at a constant level. Details of this mechanism will be described elsewhere. 11 White luminescence could also be obtained via the deposition of two silicon nitride layers containing the blue-emitting a-Si QDs and the orange-emitting ones, in each layer, as shown in Fig.  2͑b͒ . In this spectrum, two peaks are apparent at 470 and 610 nm and the spectrum is very broad. Although the white light consists of a continuous spectrum of all visible light, it can also be obtained by combining the discrete lines. For example, the white light as shown in Fig. 2͑b͒ has xϭ0 .325, yϭ0.335 in a chromaticity diagram. The colorimetry in a chromaticity diagram shows the amounts of each primary color which are required to create another color by three parameters such as x,y,z(ϭ1ϪxϪy). 12 The values of x ϭ0.325, yϭ0.335 are very close to pure white ͑xϭ0.333, yϭ0.333͒. This double layer structure is promising, in terms of the realization of white LED, because the carriers are transported to a-Si QDs by a tunneling process and varioussize dots are capable of emitting light corresponding to their dot sizes.
A LED with metal-insulator-semiconductor structure was fabricated using a-Si QDs with a mean size of 2.0 nm. Figure 3͑a͒ shows typical I -V curves of LEDs having Ni/Au and NiO top contact layers. The turn-on voltage was less than 5 V. This value is much smaller than that for LEDs using porous Si 13, 14 and similar to that of a LED containing a thin nanocrystalline Si layer. 15 The series resistance estimated from the I -V curve was about 80 ⍀ for the NiO contact layer and 21 ⍀ for the as-deposited Ni/Au contact layer. Although the resistance of NiO was higher than that of as-deposited Ni/Au metal, the optical transmittance of NiO was very high. In this experiment, the transmittance of NiO was determined to be about 50%-80% in the visible spectrum range. This LED emitted an orange color light through the NiO top electrode and electroluminescence spectrum of LED operated at 10 V is shown in Fig. 3͑b͒ . This sample also showed an orange-like color emission in PL spectrum as shown in Fig. 3͑b͒ . Therefore, these results indicate that the origin of the electroluminescence is the same as that of the photoluminescence. The external quantum efficiency was determined to be approximately 2ϫ10 Ϫ3 %. This value is also higher than those of LED structures using porous Si without doping layer 16 as well as nanocrystalline Si. 15 These results show that the electrical properties of LEDs using a-Si QDs embedded in silicon nitride are superior to those of porous Si and nanocrystalline Si. However, the external quantum efficiency still remains low for practical applications because it is difficult to inject electrical carriers into a-Si QDs through the insulating silicon nitride film. This external quantum efficiency is expected to be increased through additional device engineering and material processing such as the use of a p-n junction in the LED structure. 2 . ͑Color͒ ͑a͒ Red, green, blue PL spectra and photographs of samples during PL measurements. ͑b͒ The white PL spectrum and the photograph of the sample during PL measurement. The average dot sizes which correspond to red, green, and blue colors were determined to be 2.9, 2.0, and 1.3 nm, respectively.
In summary, a-Si QDs embedded in silicon nitride were grown by plasma-enhanced chemical vapor deposition and were found to emit various colors including red, green, blue, and white light in the PL, depending on the dot size. The fabrication of LEDs using a-Si QDs was demonstrated and the electrical properties of the LED were improved considerably by employing silicon nitride as a matrix material for a-Si QDs. These results clearly show that the size control of a-Si QDs is possible and that the approach described here represents a promising method for the realization of siliconbased full-color LEDs.
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